We model the soft pomeron contribution to dipole-dipole scattering as a closed string exchange in AdS5 with a wall. The exchange of closed and long strings is characterized by an apparent Unruh temperature and entropy that are caused by the rapidity interval χ of the collision. We show that the primordial transverse shear viscosity to transverse entropy density ratio is η ⊥ /s ⊥ = (πk/χ) 2 /8π for scattering dipoles of N-ality k, vanishing at large χ.
II. DIPOLE-DIPOLE SCATTERING
To make our discussion self-contained, we briefly review the basic formulation for the elastic dipole-dipole scattering amplitude through a Wilson loop correlator [38] [39] [40] [41] first in flat D = 2 + D ⊥ dimensions. Each dipole is described by a Wilson loop as shown in Fig. 1 . The kinematics is captured by a fixed impact parameter b ⊥ , conjugate to the transferred momentum q ⊥ , and the rapidity interval χ related to the collisional energy. At high energies, the T-matrix factorizes [39, 42, 43] T 12→34 (s, t) = 2is du 1 du 2 ψ 4 (u 1 )ψ 3 (u 1 ) T DD (χ, q ⊥ , u 1 , u 2 ) ψ 2 (u 2 )ψ 1 (u 2 ) , (2.0.1)
where u i is related to the transverse size of the dipole element described by the wave function ψ i . The dipole-dipole scattering amplitude is given by The integration is taken over the D ⊥ − 1 dimensional impact parameter space separating the two dipoles. For the results to follow and for simplicity, the dipole sizes will be fixed to a near the UV boundary. We use the normalization W = 1 and focus only on the connected part of the correlator. The Wilson loops are evaluated along the surfaces C 1 , C 2 pictured in Fig. 1 . The subscript G indicates that the expectation value of the Wilson loop correlator is taken over gauge fields. This is the pomeron limit. We note that T DD in (2.0.1-2.0.2) is the closed string propagator attached to the 2 sourcing dipoles in 5-dimensions. It different is from the distorted (by curvature) spin-2 graviton exchange of [34, 35] . The graviton is massive in walled AdS. Our approach is similar to the one used initially in [31] [32] [33] with a key difference that D ⊥ = 5 and not 10. In the eikonal approximation, the ultrarelativistic dipole is a scalar since it moves nearly on the light cone. In (2.0.2) we have suppressed a dependence on the individual momenta of the dipole constituents and assumed that the total momentum of each dipole is equally distributed between its constituents. The effective size of the dipole is at a maximum when the momentum is unequally distributed and, hence, we are restricting our analysis to small dipoles.
When the dipoles are small compared to the impact parameter and the rapidity interval is large, the surface connecting the two dipoles is highly twisted and can be approximated by the world-sheet of a string with the appropriate boundary conditions, see Figure 1 . The exchanged surface in Figure 1 is the world-sheet surface of a closed string exchanged in the t-channel. The string is subjected to twisted (boosted) boundary conditions. The surface is best described in Euclidean space with a real twist angle θ and then analytically continued to Minkowski space through θ → −iχ [31-33, 44, 45] .
At large N c the surface can be thought as the worldsheet made of fishnet diagrams [46] . At strong coupling λ = g 2 N c the worlsheet can be sought in the context of holographic QCD. For that, we will use the bottom-up approach and assume the string to be exchanged in curved AdS 5 with a hard wall, i.e.
The holographic z-direction will be identified with the size of the probing dipoles [36, 47] . Their evolution is captured by the conformal nature of the AdS 5 metric in the UV. Although the field theory corresponding to this truncated space is not exactly QCD, the idea is that it captures a key aspect of the QCD string evolution in the conformal limit. A similar idea was used in the light-front translation of the holographic wavefunctions [48] . For dipole sizes a small and near the boundary, at large impact parameters the exchanged string is long and lies mostly on the wall at z ≈ z 0 whereby the metric is nearly flat [31] [32] [33] . In this limit the string action can be approximated by the flat Polyakov action
The string tension is σ T = 1/(2πα ). The Regge slope α is related to the fundamental string length by α = l 
with the string partition function
The closed string is parametrized by one parameter, the modulus ("circumference") T . The factor g 2 s in (2.0.6) comes from the genus of the string configuration compared to the disconnected configuration.
Some details regarding the computation of the partition function (2.0.7) can be found in the appendix VIII. The result is
The integral is dominated by the poles along the real T-axis or T χ/2 = kπ with positive integer k. Thus 
In [33] , the sum over the successive poles labeled by k was identified with the N-ality of the Wilson-loop sourcing the close string exchange in Fig. 1 . Specifically, k = 1, .., [N c /2] for the Wilson loops or k = 1 for N c = 3. The switch from [∞/2] to [N c /2] can be inferred from the occurence of the k-string tension or kσ T in the exponent of (2.0.12) (see [33] for further arguments). Inserting (2.0.12) into (2.0.2) for fixed size dipoles u 1 = u 2 = ln(a/z 0 ) [36, 47] , we obtain for each k-ality contribution
where K T plays the role of a transverse partition function
Here σ k = kσ T and σ T is the fundamental string tension. It is important to note that the poles occur at (after restoring the dimension)
characterizing a periodic close loop exchange in Fig. 1 . Also
where 1/β acts as the Unruh temperature for the close string exchange. Indeed, the string end-points are at a relative acceleration a = χ/b, so that the average Unruh temperature on the string world-sheet is 1/β = a/2π [33] . For N c > λ > 1, long strings and small Unruh temperatures in comparison to the Hagedorn temperature i.e. β H < β < b, we will refer to K T as the transverse propagator or partition function. In flat 5 = 2 + D ⊥ dimensions it follows from the scalar Polyakov action with twisted boundary conditions [33, 36] . The effects of AdS 5 curvature will be briefly discussed below. Using the modular identity for the Dedekind eta-function or
, allows us to rewrite the eta-function in (2.0.14) as
effectively trading β/b with b/β which makes the string of exponents in (2.0.17) convergent. We note that large b corresponds to √ −t √ s pomeron exchange kinematics. Note that by inserting (2.0.17) into (2.0.14) and then in (2.0.13) the elastic amplitude rises with (s/s 0 ) 1+D ⊥ /12k . D ⊥ /12k is just the leading Luscher correction to the classical string contribution in flat space. Curvature corrections to this result will be briefly mentioned in section 4.
III. CANONICAL PARTITION FUNCTION
It is physically insightful to rewrite the string of products in (2.0.17) as a trace over second quantized transverse oscillator modes, whereby the hamiltonian is the temporal Virasoro generator. For that, we note that the normal mode decomposition (see also Appendix-VIII A) is that of an untwisted string in D ⊥ dimensions with fixed end-points. Its second quantized form follows from the standard arguments given in [50] . Specifically (see also Appendix-VIII B)
with the transverse oscillator algebra
after rescaling σ → σ/π for convenience. From ( 8.2.27)
where β k = 4πb/kβ and the temporal Virasoro generator L 0 [50] reads
with a n |0 = 0 for n > 0. The transverse partition function has the inspiring form of a thermal sum
We recall that the normal ordering of (3.0.4) produces the zero-point contribution of D ⊥ /24 in (3.0.5) [50] . Since
This is the famed Gribov diffusion for the pomeron in our case viewed as the exchange of a closed string. The pomeron diffusion constant is D k = α /2k. Note that
is the string tachyonic mass. The average · · · is taken in the equilibrium thermal ensemble. While the tachyon is a liability in a potential calculation as it signals the instability of the string ground state except in critical dimensions, it is a blessing in the scattering amplitude as it is identified with the positive pomeron intercept. The averaging in (3.0.8) is carried through
as per the diffusion equation (3.0.7). Note that since β k = 2χ/k is large, the mean occupation of the transverse string modes contributing to (3.0.9) is small
A large rapidity interval freezes the stringy pomeron exchange to its lowest tachyonic mode.
In so far most of the analysis was carried for fixed but small dipoles a and large impact parameters b ⊥ , to take advantage of the nearly flat induced metric around z ≈ z 0 . While we do not know how to address quantum strings in curved AdS 5 in general, we still can assess the effects of the AdS 5 curvature on the diffusion equation (3.0.7). Indeed, by identifying the z-coordinate in (3.0.7) with the dipole size (also the size of the close string exchange), we can trade the flat Laplacian ∇ √ λ correction to the tachyon mass [36] .
IV. ENTROPY
The free energy associated to the transverse pomeron propagator can be identified with F k = −lnK T /β thanks to the induced Unruh temperature 1/β. This translates to a pomeron entropy S k = β 2 ∂F k /∂β. Explicitly
Again, since β k = 2χ/k is large, (4.0.1) is dominated by the tachyon contribution S k ≈ D ⊥ β k /12 [37] . Therefore, the released pomeron entropy per transverse area for large χ is
is the number of transverse wee dipoles [37] with (α P,1 − 1) the (bare) pomeron intercept. The last idensity confirms our interpretation of the primordial matter as the number of wee dipoles undergoing Gribov diffusion in the transverse plane. The role of AdS 5 curvature on the exchanged string translates to 1/ √ λ corrections to (4.0.2) as detailed in [37] . They correct the pomeron intercept and entropy (4.0.1). A similar curvature correction to the pomeron as a graviton exchange in 10 dimensions was originally obtained in [34, 35] .
Note that β > β H translates to a rapidity bound χ < 2 in the diffusive limit b 2 = D k χ. A refined bound including 1/λ corrections in the pomeron intercept, is [36, 37] 
leading to χ < 10 for a physical pomeron intercept of 0.08. Strings with χ > 10 need a resummation of the β H /β contributions which is beyond the scope of the scalar Polyakov action.
V. TRANSVERSE SHEAR VISCOSITY
For the transport properties associated to the stringy modes in the transverse 3-dimensional plane to the dipoledipole collision at large rapidity χ, the transverse string modes are dominant. Their transport properties such as the transverse shear viscosity η ⊥ for instance, can be defined using standard linear response analysis with the density matrix e −β k L0 /Z ⊥ as defined in (3.0.9). Specifically
where T ⊥ (t, x) is the stress tensor associated to the Polyakov string in D-dimensions. It is sufficient to consider
The averaging in (5.0.2) over the transverse coordinates x 1,2,3 picks the zero momentum component of of the transverse energy momentum tensor in our physical 3-dimensional space with A ⊥ ≈ (χα ) l s [33, 36] . Eq. 5.0.1 simplifies
The stress tensor associated to the Polyakov string reads
We dropped the boundary contributions as they do not affect the evaluation of the transverse transport coefficient. For the transverse spatial components µ, ν = i, j = 2, 3 we identify the time x 0 = t = τ with the affine coordinate on the world-sheet defined with flat metric h = (1, −1). Therefore
Inserting (3.0.1) into (5.0.7), we obtain Switching the summation and integration yields
where the last equality follows by taking the limit after enforcing the sum. Unlike the entropy density (4.0.2), the transverse mode contributions to (5.0.10) decrease with the rapidity interval. Since the transverse string area is A ⊥ ≈ (χα ) l s , it follows that
which is asymptotically small. The ratio of the primordial transverse viscosity (5.0.10) to transverse entropy (4.0.2) is independent of the way we set the transverse diffusion area A ⊥ ,
We recall that for the holographic pomeron D ⊥ = 3. We note that the ratio jumps by 4 in trading k = 1 or a fundamental dipole source with k = 2 or an adjoint dipole source. (5.0.12) is remarkable as it shows that the ratio is vanishingly small at large rapidity.
VI. CONCLUSION
In holographic QCD the pomeron exchange in dipole-dipole scattering with a large rapidity χ is described by the exchange of a non-critical string in hyperbolic D = 5 dimensions. The extra curved direction is identified with the dipole size. A finite rapidity interval induces a local Unruh temperature on the string world-sheet 1/β = a/2π = χ/2πb, which is at the origin of a primordial entropy [37] . This Unruh temperature is due to the collision kinematics and is distinct from the dynamical Unruh temperature argued in [51, 52] using the saturation momentum.
As the Unruh temperature is smaller than the Hagedorn temperature, this primordial entropy is mostly carried by the tachyonic string mode. The transverse string modes are excited, but their contribution to the transverse entropy is sub-leading at large rapidity χ. However, the transverse string modes are the dominant contributors to the transverse energy momentum tensor and therefore their fluctuations dominate the transverse transport properties of this form of prompt and primordial matter released through the inelastic part of the exchange.
The transverse shear viscosity of the primordial matter released by the exchange of the pomeron over its transverse diffusive size A ⊥ ≈ (χα ) l s is found to be small, i.e. η ⊥ ≈ 1/χ 2 . Unlike the transverse entropy density which is constant over the rapidity interval, the transverse viscosity is not. As a result, the ratio of the primordial transverse viscosity to transverse entropy per unit area (5.0.12) is found to vanish asymptotically.
This limit evades the 1/4π lower bound [53] as it involves the exchange of a string that is not yet dual to a black-hole. While the transverse entropy is dominated by the tachyon and scales with the rapidity interval, the shear viscosity is due to the transverse modes which are suppressed by the rapidity interval. The transverse modes are kinematically subdominant in bulk but dominant in transverse transport. This dichotomy is the essence of the dynamical calculation we have detailed, which may well be the lore at current collider energies in the primordial stage and for the minimum bias multiplicities.
When the Unruh temperature becomes comparable to the Hagedorn temperature or β ≈ β H , the use of the scalar Polyakov action is no longer valid. A recent analysis using the Nambu-Goto action shows that the exchanged pomeron becomes explosive and dual to a black-hole with a viscosity to entropy ratio of 1/4π [54] [55] [56] . Explosive pomerons maybe important for the recently reported high multiplicity events in colliders [57, 58] .
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VIII. APPENDIX
In this Appendix, we derive the string partition function (Eq. 2.0.8) in Sec-II by using (1) the functional approach and (2) the canonical approach. Both approaches are complementary in illustrating the appearance of thermal effects. The string partition function reads
is the Polyakov string action. The collision set up is shown in Fig. 1 , with the twisted boundary conditions cos(
. This latter property is at the origin of the thermal effects and the appearance of an Unruh temperature.
A. Functional approach
In Euclidean space, the twisted boundary condition (Eq. 8.0.3) can be simplified by the following transformation with θ σ = θ(2σ − 1) and leading to an ordinary Dirichlet boundary conditioñ
Note that (8.1.5) translates to
The second equation follows from the fact that the world-sheet T αβ = δS/δh αβ = 0. Thus, the mode decompositioñ
Using the above results, we can recast (8.0.1) into
where K 0L and K ØL are the longitudinal zero and non-zero mode contributions respectively, K ⊥ is the transverse contribution, and K ghost is the ghost contribution. The explicit forms are given by
and the ghost contribution tags to the two longitudinal non-zero mode contribution
The products are divergent, but can be done with the help of ζ-function regularization and the product formula for sinh
The transverse-mode contribution K ⊥ (Eq. 8.1.11) now reads
where we used ∞ −∞ c = 1 and
where η(τ ) is Dedekind eta function after using ζ(0) = −1/12. Similar arguments yield
In sum, the string partition function is given by
the transpose dipole size squared. The analytical continuation to Minkowski space or θ −→ −iχ, gives the final result
which is (2.0.8) as discussed in Sec-II using the functional approach.
B. canonical approach
In this subsection, we re-derive the string partition function (2.0.8) using the canonical approach. In Minkowski space, we recall the second quantized transverse coordinates (Eq. 3.0.1) (8.2.20) with the transverse oscillator algebra
after rescaling σ → σ/π. We have (8.2.22) and the canonical commutation rule follows
The Nonzero-Mode delta function is defined as δ N M (σ − σ ) = n =0 sin(nσ) sin(nσ )/π. Thus
We note that
where
is the temporal Virasoro generator. For arbitrary constant c, we have the formula
Combining these results, we reproduce the transverse propagator (8.1.14)
Now, we derive the longitudinal propagator (Eq. 8.1.16). In Minkowski space θ −→ −iχ, the twisted boundary condition (Eq. 8.0.3) at σ = 0 reads
Apply ∂ τ to both sides of (8.2.29) and note again that T αβ = δS/δh αβ = 0. Thus
and denote y 0 . = x 0 . The boundary condition is now given by
To diagonalize the boundary conditions (Eq. 8.2.32), define
We then obtain
The canonical form of y ± reads [59, 60] 
The canonical commutation relation follows
After simple algebra, we obtain which is the nonzero mode propagator. In sum, we confirm the string partition function (2.0.8) of Sec-II through the canonical approach.
